The effect of adding oxide promoters, at monolayer coverages, to Pd/ceria catalysts was studied for the watergas-shift reaction in 25 torr each of H 2 O and CO under differential conditions. Oxides of Fe, Tb, Gd, Y, Sn, Sm, Pr, Eu, Bi, Cr, V, Pb, and Mo were added to ceria by wet impregnation of aqueous salts and calcined to 873 K prior to addition of 1 wt% Pd. While most of the oxides had a negligible effect on the water-gas-shift rates, rates on the Fe-promoted sample were 8 times higher than on the unpromoted Pd/ceria at 473 K, while rates on the Mo-and Pb-promoted cerias were significantly lower than on pure Pd/ceria. By varying the Fe loading, it was found that the maximum catalytic activity was achieved at the monolayer coverage. Addition of Fe in bulk ceria through sol-gel and preparation of Fe 2 O 3 -CeO 2 physical mixtures had no effect on the catalytic activity. 
Introduction
Commercial, Cu/ZnO-based, water-gas-shift (WGS) catalysts are not always applicable for fuel processors because they require special activation procedures, are pyrophoric, and are intolerant of poisons, condensation, and oxidation [1, 2] . By contrast, ceria-supported precious metals (PM) are much less sensitive and can show even higher WGS activities than the Cu/ZnO catalysts under conditions of interest for fuel processors, such as low CO pressures [1] [2] [3] [4] [5] [6] . The high activity that PM-ceria catalysts show can be explained by the following mechanism:
CO + CO ad ( 
According to this picture, CO adsorbs on the precious-metal sites ( ) and adsorbed CO is oxidized with oxygen from the ceria; the reduced ceria is then re-oxidized by H 2 O. Support for this mechanism comes from a number of observations. First, the reaction order in CO is zerothorder, as expected for strong adsorption on precious metals [6] . Second, high-temperature calcination of ceria, which is known to cause irreversible loss in the reducibility of ceria [7] , also severely poisons specific rates for the WGS reaction [3] . Third, WGS rates for ceria-supported Pt, Pd, and Rh catalysts are essentially identical [3] , as should be expected if re-oxidation of ceria or oxygen transfer from ceria is rate limiting. Finally, oxygen transfer from ceria to Pd has been observed directly in spectroscopic measurements [8] .
Since the transfer of oxygen from CeO 2 to a precious metal must be endothermic [9] , there must be a barrier to the oxygen-transfer reaction. Furthermore, it is reasonable to assume that one might lower the height of this barrier by allowing the transfer to occur in two steps, as might occur when a third component is inserted between the ceria and the precious metal.
Effectively, oxygen would be transferred from ceria to the additive and from the additive to the precious metal. According to Xie, et al [10] , monolayer oxide phases should be stable on ceria.
In the present work, we have tested this hypothesis by preparing a series of Pd/ceria catalysts in which the ceria surface has been modified by metal-oxide monolayers and then measuring the WGS activities of these modified samples.
Experimental
Most of the catalysts used in this study were prepared from ceria powder that was powders were mixed and ground together for 1 h, followed by calcination at 873 K. For clarification, these two supports are denoted Fe-ceria(sg) and Fe-ceria(pm). The Fe 2 O 3 powder, by itself, was found to have a surface area of 25 m 2 /g, which is comparable to the specific surface area of the ceria.
After preparing the support, Pd was added by wet impregnation using aqueous solutions of Pd(NH 3 ) 4 (NO 3 ) 2 (Aldrich, 99.99%). The Pd content of the final catalysts was 1 wt% in all cases. Following impregnation, the catalysts were dried at 383 K and calcined at 873 K. The Pd surface areas were determined by CO adsorption at room temperature, using a procedure that has been described in detail elsewhere [12] . Because CO on Pd can react with oxidized ceria at near room temperature and because the CO 2 that is formed can then adsorb on reduced ceria [13] , it was necessary to rigorously reduce the catalysts in H 2 at 673 K, prior to the room-temperature exposure of the catalysts to CO. To ensure that CO adsorption was associated with Pd and not the oxide promoters, we measured CO uptakes on the mixed-oxide supports in the absence of Pd were reproducible, the rates at each point were measured at least three times. The concentration of the effluent from the reactor was determined using an on-line gas chromatograph, SRI8610C, equipped with a Hayesep Q column and a TCD detector.
Result and Discussion
In Fig. 1 , we show the Arrhenius plot of the WGS rates for several selected catalysts to demonstrate the effect oxide modifiers can have. For comparison purposes, data are shown for a commercial-type, Cu/ZnO catalyst (Süd-Chemie, T-2650) and pure ceria. In a previous publication [13] , we reported that rates for 1 wt% Pd/silica was even less active than ceria. While the Pd/ceria catalyst was not as active as the commercial-type Cu/ZnO catalyst for the particular reaction conditions that we used in this study, it has been shown that ceria-supported precious metals can be much more active than Cu/ZnO catalysts under some conditions [1] . Obviously, the rates observed on Pd/ceria are much higher than those on either pure ceria or 1 wt% Pd on silica, demonstrating the importance of having the precious metal in contact with ceria. Of more interest, modification of the ceria through the addition a monolayer (2 wt%) of Fe 2 O 3 prior the addition of Pd increased rates by a factor of ~8 at 473 K, while the addition of a monolayer (2 wt%) of MoO 3 decreased rates by more than a factor of 5 under these same conditions. Clearly, changes this large are significant and worth investigating. on the surface of the ceria. Finally, it is noteworthy that the activation energies for the catalysts prepared with Feimpregnated ceria were all somewhat higher than were observed on Pd/ceria.
Because oxygen diffusivity in ceria is affected by dopants [16] , it is common practice to add dopants to ceria catalysts, even though at least one study has shown that dopants can significantly decrease the oxidation activity of ceria [17] . To test whether Fe might act as a dopant in enhancing ceria, we examined WGS rates for 1 wt% Pd on Fe-ceria(sg) and Feceria(pm). Fe-ceria(sg) was prepared by sol-gel methods and should have Fe present in the bulk of the ceria, while Fe-ceria(pm) was a physical mixture that was prepared to provide a reference.
The rates and activation energies for these samples were almost indistinguishable from that on the Pd/ceria catalyst without Fe. This provides additional evidence that Fe 2 O 3 must be on the surface of the ceria, in contact with the Pd, in order to provide rate enhancements.
Finally, since WGS rates for Pd/ceria catalysts have been shown to increase with the Pd dispersion [12] , it is possible that the enhancement observed for the catalysts prepared with Whatever mechanism is responsible for the enhanced rates, it is clear that the activity of ceria-supported, precious metal catalysts can be enhanced significantly through the addition of surface promoters. We believe that this approach may be generally applicable to other catalyst systems as well.
Summary
We have demonstrated that the water-gas-shift activity of Pd/ceria catalysts can be enhanced by the addition of monolayer coverages of Fe 2 O 3 on the ceria. The addition of monolayer oxides of Tb, Gd, Y, Sn, Sm, Pr, Eu, Bi, Cr, and V to ceria had minimal effect on the rates, while the addition of oxides of Pb, and Mo caused deactivation of Pd/ceria catalysts. 
